Abstract Genetic heterogeneity could reduce the power of linkage analysis to detect risk loci for complex traits such as alcohol dependence (AD). Previously, we performed a genomewide linkage analysis for AD in African-Americans (AAs) (Biol Psychiatry 65:111-115, 2009). The power of that linkage analysis could have been reduced by the presence of genetic heterogeneity owing to differences in admixture among AA families. We hypothesized that by examining a study sample whose genetic ancestry was more homogeneous, we could increase the power to detect linkage. To test this hypothesis, we performed ordered subset linkage analysis in 384 AA families using admixture proportion as a covariate to identify a more homogeneous subset of families and determine whether there is increased evidence for linkage with AD. Statistically significant increases in lod scores in subsets relative to the overall sample were identified on chromosomes 4 (P = 0.0001), 12 (P = 0.021), 15 (P = 0.026) and 22 (P = 0.0069). In a subset of 44 families with African ancestry proportions ranging from 0.858 to 0.996, we observed a genomewide significant linkage at 180 cM on chromosome 4 (lod = 4.24, pointwise P \ 0.00001, empirical genomewide P = 0.008). A promising candidate gene located there, GLRA3, which encodes a subunit of the glycine neurotransmitter receptor. Our results demonstrate that admixture proportion can be used as a covariate to reduce genetic heterogeneity and enhance the detection of linkage for AD in an admixed population such as AAs. This approach could be applied to any linkage analysis for complex traits conducted in an admixed population.
Introduction
Linkage analysis can be a useful design to map disease susceptibility genes with diverse genetic effects that segregate in families, including common variants, multiple rare variants at one locus, and inherited copy number variants (CNVs). However, linkage analyses of complex traits or disorders are complicated by the presence of genetic heterogeneity. The power of linkage analysis is reduced when different families have different major risk loci (Tsuang et al. 1993) .
Analysis methods that address the presence of genetic heterogeneity may increase the power of linkage analysis. Ordered subset linkage analysis (OSA) was developed as a tool for linkage analysis of complex traits characterized by Electronic supplementary material The online version of this article (doi:10.1007/s00439-012-1255-2) contains supplementary material, which is available to authorized users. genetic heterogeneity (Hauser et al. 2004) . OSA uses traitrelated covariate information to identify more etiologically homogeneous subsets of families that may be more similar genetically than the larger group from which they are selected, and therefore should maximize detectable evidence for linkage. In addition to providing increased power for linkage analysis, by decreasing genetic heterogeneity OSA may also reduce the linkage interval and refine gene location (Scott et al. 2003) .
Alcohol dependence (AD) is extremely costly to individuals and to society throughout the world. While the etiology of AD is complex, genetic factors are known to be important to the development of AD ). Previously, we performed a genomewide linkage analysis for AD in African-Americans (AAs) and identified a genomewide significant linkage on chromosome 10q23.3-24.1 at 117.2 cM (logarithm of odds score 3.32; empirical genomewide P = 0.033) ). However, we speculated that the power of that linkage analysis in AA families could be reduced by the presence of genetic heterogeneity owing to the variation of admixture proportions across families for two reasons. First, numerous linkage studies for various complex disorders have shown evidence of different linkage signals across populations. Second, the different 12-month prevalence rates of alcohol abuse or AD between EuropeanAmericans (EAs) and AAs may indicate different genetic underpinnings of AD for the two population groups. For example, based on the data on the 12-month prevalence of alcohol abuse and dependence in the United States assessed in the National Institute on Alcohol Abuse and Alcoholism's (NIAAA) 2001-2002 National Epidemiologic Survey on Alcohol and Related Conditions, the prevalence of alcohol abuse was significantly greater among EAs (5.10 %) compared to AAs (3.29 %), and the EAs (10.71 %) had higher rates of AD than AAs (6.03 %) for younger group of people (ages 18-29).
In the current study, we hypothesized that a sample whose genetic ancestry was more homogeneous would increase the power to detect linkage. To test this hypothesis, we used admixture proportion as a covariate and applied the OSA technique to identify a more homogeneous subset of families to determine whether it increased evidence for linkage with AD.
Methods and materials

Recruitment
Subjects were originally ascertained for genetic studies of cocaine dependence (CD) and opioid dependence (OD) (Gelernter et al. , 2006 using an affected sibling pair (ASP) linkage design. The ascertained subjects include both AAs and EAs. Ordered subset linkage analysis was conducted in genetically defined AAs as described below in the Diagnosis and Study Subjects section. There were four recruitment sites: Yale University School of Medicine (APT Foundation; New Haven, Connecticut), University of Connecticut Health Center (UConn; Farmington, Connecticut), Medical University of South Carolina (MUSC; Charleston, South Carolina), and McLean Hospital (Harvard Medical School; Belmont, Massachusetts). Families were recruited based on screening information that suggested that at least two siblings would fulfill diagnostic criteria for CD or OD. There were no differences in subject recruitment protocol for the two studies except for the primary trait of the proband ascertained. Alcohol use played no role in proband selection or pedigree extension. Probands with an axis I clinical diagnosis of a major psychotic disorder such as schizophrenia or schizoaffective disorder were excluded from participation. When an ASP was recruited, additional siblings and parents were recruited whenever possible regardless of affection status. After a complete description of the study was provided to the subjects, written informed consent was obtained from all subjects. The Yale University School of Medicine institutional review board, the University of Connecticut Health Center institutional review board, Medical University of South Carolina institutional review board, and McLean Hospital institutional review board approved the study and a certificate of confidentiality for the work was obtained from the National Institute on Drug Abuse.
Diagnosis and study subjects Subjects were accessed using the Semi-structured Assessment for Drug Dependence and Alcoholism (SSADDA), a polydiagnostic instrument that has been described in detail previously (Pierucci-Lagha et al. 2005 . The diagnosis of AD was derived using a computer algorithm based on DSM-IV diagnostic criteria. Subjects were classified as AA on the basis of a Bayesian model-based clustering method implemented in STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) , as described previously Panhuysen et al. 2010) . Most self-reported AA subjects cluster with the AA group. A small proportion of self-reported AA subjects (1.6 %) were classified as EAs and not used in the current study. Characteristics of the sample in this study are shown in Table 1 . Specifically, a total of 124 families with at least 2 AD affected siblings were tested for linkage using a nonparametric, allele-sharing model (one additional family was excluded from analysis because we detected an unexpected relationship). However, other families with no or only one AD subject were also included to improve allele frequency estimation for linkage analysis.
Genotyping and quality control DNA was extracted from immortalized cell lines in most cases, but for a small number of subjects DNA was extracted directly from blood or saliva. A total number of 898 subjects were genotyped at the Center for Inherited Disease Research (CIDR) for the 6,008 single nucleotide polymorphisms (SNPs) Illumina Human Linkage IVb Marker Panel. An additional 124 subjects were genotyped at the Yale Keck Center with the 6,090 SNP Illumina Infinium-12 Human Linkage Marker Panel. We limited our analyses to 4,518 autosomal SNPs available in both panels. PLINK (Purcell et al. 2007 ) was used to calculate allele frequencies and examine HWE based on a set of randomly selected unrelated subjects (N = 384, one per family). There are 23 SNPs with genotyping rate B0.95, 318 SNPs with minor allele frequency (MAF) B0.1, and 46 SNPs with Hardy-Weinberg equilibrium P B 0.01, which were excluded from analysis. Thus, 4,133 autosomal SNPs were retained for further analysis. To avoid inflated linkage signals that could be caused by linkage disequilibrium (LD) between markers, a subset of 3,675 SNPs with low pairwise LD (rsq \0.1) was selected for linkage analysis.
We used PedCheck (O'Connell and Weeks 1998) and Merlin (Abecasis et al. 2002) to identify Mendelian inconsistencies. Merlin was also used to identify potentially incorrect genotypes based on the estimation of the probability of double-crossover events using the ''-error'' option. Mendelian inconsistencies and genotyping errors were set as missing. We used the Pedigree RElationship Statistical Test (PREST) (McPeek and Sun 2000) to verify family relationships. Pedigree errors were detected in two families: in one family, the relationship was corrected based on the shared IBD patterns, with the re-assigned family relationships verified by PREST and in the other family the relationship could not be resolved, so it was excluded from further analysis.
Statistical analysis
Admixture proportion estimation
We estimated the admixture proportion for each individual based on markers that were informative with respect to ancestry using the STRUCTURE program. We selected 1,574 such markers from the SNP linkage panel. Selection of markers was on the basis of the genetic information downloaded from the Hapmap CEU and YRI samples. Markers were chosen based on the following criteria: (1) absolute difference (d) in allele frequency between the two HapMap populations [0.2; (2) r 2 between each pair of SNPs \0.1 within each population; and (3) P value [0.01 for testing HWE within each population. In addition, STRUCTURE was developed to estimate ancestry proportion for unrelated individuals; we therefore divided the whole family dataset to create several subsets with each subset including only randomly selected unrelated subjects, and STRUCTURE was run separately on each subset. The log-likelihood of each analysis for a different number of population groups was estimated from the average of three independent runs (20,000 burn in and 30,000 iterations) and, as expected, the result favored a two-ancestry population model. Family-specific admixture proportion was derived by taking the mean of the African proportion from all the family members who contributed to the linkage analysis, which was used as the covariate score for the subsequent OSA.
Ordered subset linkage analysis
The purpose of OSA is to evaluate evidence for linkage even in the presence of genetic heterogeneity using traitrelated covariates. Specifically, in the current OSA, we ranked families by their family-specific African ancestry proportion, with those having the same value given the same rank. Linkage analysis was then performed on all contiguous subsets of families with the k smallest or k largest African ancestry proportion. The subset of families that yielded the largest lod score was determined for each chromosome. The statistical significance of the increased linkage evidence for each chromosome was assessed by a permutation test under the null hypothesis that the family linkage scores were independent of the family-specific African ancestry proportion. Specifically, the families were randomly ordered 10,000 times regardless of the value of the family-specific African ancestry proportion. Each randomly ordered set of families was analyzed by OSA, and a maximum lod score was recorded for each chromosome. The empirical P value was then derived by counting the proportion of times the permutation lod scores were equal to or larger than the observed lod score. OSA was performed using the software program FLOSS (Browning 2006) , and the linear allele-sharing model to generate Kong-Cox lod scores (Kong and Cox 1997) . FLOSS will take the family-specific linkage score (one family by one family) as the input to identify the subset of families with the most increased evidence of linkage. The input file that includes the family-specific linkage score for each position was prepared by Merlin software using the ''-npl'' and ''-perFamily'' options. After we identified the ordered subsets of families with increased evidence for linkage, further non-parametric linkage analysis was performed on each ordered subset using Merlin to confirm the results from FLOSS. We also derived the genomewide empirical significance for the new maximum lod score in each ordered subset by 1,000 random simulations using Merlin. Briefly, we used the genedropping algorithm implemented in Merlin to simulate 1,000 data sets conditional on the observed family structure, marker spacing, allele frequencies, and missing data pattern. Each simulated replicate was then analyzed by the same procedure as the observed data. The highest lod score across the whole genome was recorded for each simulated replicate. The genomewide empirical significance was estimated by counting how often the entire genome had a maximum lod score greater than or equal to the observed score across the 1,000 simulated replicates. The results of OSA along with the other relevant statistics are provided in Table 2 . Statistically significant increases in lod scores were identified for chromosomes 4 (P = 0.0001), 12 (P = 0.021), 15 (P = 0.026) and 22 (P = 0.0069). In a subset of 44 families (with African ancestry proportions ranging from 0.858 to 0.996), the lod score at 180 cM on chromosome 4 reached genomewide significance (lod = 4.24, pointwise P \ 0.00001, empirical genomewide P = 0.008). A second genomewide significant linkage result was observed at 46 cM on chromosome 22 in a subset of 33 families (lod = 3.23, pointwise P = 0.00006, empirical genomewide P = 0.04). Figure 1 illustrates a comparison of the non-parametric linkage analysis results across the SNP marker positions between ordered subsets with increased linkage evidence and the overall families. The histograms of African ancestry admixture proportion for each subset of families were shown in Supplementary Fig. 1 .
Results
The individual
Discussion
We conducted a genomewide ordered subset linkage analysis for AD using admixture proportion as a covariate in AAs. Our results showed that admixture proportion can be a useful covariate to identify the subset of families which are more homogeneous and thereby increase power for linkage detection in AAs. We identified four ordered subsets with statistically significant increases in lod scores on chromosomes 4, 12, 15 and 22.
Our most interesting finding was on chromosome 4, where we observed the strongest linkage signal (lod = 4.2) at 180 cM in a subset of 44 families with an African ancestry proportion ranging from 0.858 to 0.996. Linkage evidence for alcohol-related phenotypes on chromosome 4 has been reported in many previous studies. However, the locus identified here does not appear to overlap with any chromosome 4 linkage signals reported previously, with the exception of the study by Wilhelmsen et al. (2003) , which yielded modest evidence for linkage to the trait of ''level of response to alcohol'' (peak lod = 1.4, 170-190 cM). The 1-lod support interval (177-185 cM) for the chromosome 4 peak region contains 50 genes and harbors a particularly promising AD risk candidate gene, GLRA3. This gene encodes the alpha-3 subunit of the neuronal glycine receptor, a primary mediator of neuronal inhibition in the brain regions known to be sensitive to ethanol (Perkins et al. 2010) .
The second strongest linkage signal (lod = 3.2) obtained by the current OSA is located at 46 cM on chromosome 22 in a subset of 33 families with a high proportion of African ancestry ranging from 0.885 to 0.996. Wilhelmsen et al. (2003) found a suggestive linkage (lod = 2.9) peak to the trait of ''level of response to alcohol'' in the region of 20-30 cM on chromosome 22; however, this linkage region does not overlap the 1-lod support interval (45-49 cM) for our finding. However, considering the small number of families contributing to our observed linkage signal, and the low mapping location precision possible with ASPs, it is possible that these findings are in fact reflective of the same risk gene. Three candidate genes located in the 1-lod support interval of the linkage peak on chromosome 22 are particularly interesting: PACSIN2, which encodes protein kinase C and casein kinase substrate in neurons; NPTXR, which encodes the neuronal pentraxin receptor; and SYNGR1, which encodes an integral membrane protein associated with presynaptic vesicles in neurons.
We also identified two regions with suggestive evidence of linkage on chromosomes 12 and 15 in two ordered subsets with lower proportions of African ancestry (i.e., ranging from 0.443 to 0.813 and from 0.443 to 0.801 for chromosomes 12 and 15, respectively). We did not identify g NPL (non-parametric linkage analysis) P value obtained by performing NPL analysis using the subsets of families identified from OSA h Genomewide empirical P value obtained by 1,000 times simulations using the subsets of families identified from OSA compelling candidate genes from the 1-lod support interval for these two regions. We also examined the characteristics of the 124 families and the families in the subsets to evaluate whether the increased linkage signals in the subset families could be due to the basic demographic difference between the overall families and the subsets. Supplementary Table 1 illustrates sex and age distribution among the total set of families and the subset families. We did not find any significant difference in age or sex distribution between the subsets and the overall families, suggesting the increased linkage signals in the subsets may not be accounted for by these basic family characteristics.
Samples included in the current study were ascertained mostly for DSM-IV cocaine or opioid dependence. Therefore, we had to consider the possibility that the linkage signals detected for AD in AAs could be attributable to other substance dependence (SD), such as cocaine dependence (CD) and opioid dependence (OD). We examined this alternate explanation for the findings by directly testing linkage for CD or OD in the same subset of families identified for AD on chromosomes 4, 12, 15 and 22. We found a significant linkage on chromosome 4 at 180 cM for CD (LOD = 3.49). Another suggestive linkage signal for CD was also identified on chromosome 22 at 46 cM (LOD = 2.93).The linkage results from other SD might indicate that the linkage signal is not specific for AD and could reflect a shared liability between different substances.
Although genomewide association studies (GWAS) have successfully identified common risk variants associated with complex disorders, the heritability of most complex disorders remains largely unexplained. It is now widely believed that the ''missing heritability'' could be attributable to rare variants of high penetrance or structural variation that is not well tagged by the current GWAS approach (Manolio et al. 2009 ). Compared with GWAS design, linkage analysis has the advantage of enriching signals for the same gene/functional unit that may harbor multiple rare variants of large effect or inherited CNVs segregating in families. With the growing evidence for the role of rare variants and CNVs in psychiatric disorders (Stefansson et al. 2008; Walsh et al. 2008; Williams et al. 2010) , the regions discovered by linkage may complement the GWAS approach in pinpointing rare variants of high penetrance that cannot be captured using the current GWAS design. Thus, further investigation through targeted deep sequencing studies of the linkage regions identified by the current OSA may identify novel genes containing multiple rare or uncommon AD risk variants with large effects.
In summary, our results demonstrate that the genetic ancestry proportion can be used as a covariate to reduce genetic heterogeneity and enhance the detection of linkage for AD in AA samples. The current OSA approach based on the admixture proportion could be applied to any linkage study for complex traits conducted in AA or other admixed populations.
